Vav proteins are GDP/GTP exchange factors for Rho/ Rac GTPases that are activated by tyrosine phosphorylation. These proteins activate Rac1, RhoG, and RhoA but not the highly related Cdc42 protein. At present, there is no available information to explain this substrate selectivity at the structural level. Here we show that the selection of Vav proteins substrates is achieved at two dierent levels. On one hand, Vav proteins utilize some residues of the b2/b3 region of Rho/Rac GTPases (D49 and E54) to assure the speci®c binding to its substrate. In addition, these exchange factors need a second structural signal located in the b5 region of Rho/Rac proteins (residue K118) to promote proper GDP/GTP exchange. These results identify the amino acid residues that allow the discrimination of the Vav family substrates from Cdc42 and, in addition, demonstrate that the activation of speci®c Rho/Rac GTPases by these GEFs requires two concatenated events, binding and subsequent enzyme reaction, whose speci®cities are determined by two separate regions of Rho proteins. Oncogene (2001) 20, 8057 ± 8065.
Introduction
Vav proteins catalyse the exchange of nucleotides on GTP-binding proteins of the Rho/Rac family, thereby facilitating their transition from the inactive (GDPbound) to the active (GTP-bound) state (Bustelo, 2000) . One of the most characteristic regulatory features of this protein family is its close relation with tyrosine phosphorylation events. Thus, the enzyme activity of Vav proteins is tightly regulated by direct tyrosine phosphorylation. In the absence of stimuli, Vav proteins remain inactive due to low phosphorylation levels. Upon receptor activation, Vav proteins become rapidly and transiently phosphorylated on tyrosine residues, leading to the activation of their GDP/GTP exchange activity towards Rho/Rac proteins (Crespo et al., 1997; Movilla and Bustelo, 1999; Schuebel et al., 1998) . This activation has been linked to the release of an auto-inhibitory interaction between the acidic and Dbl-homology j(DH) domains (Aghazadeh et al., 2000) . More recently, it has been discovered that tyrosine phosphorylation events regulate also other functions in these proteins, including the association with tyrosine kinases (EGF-R, PDGF-R, Zap70, Syk) and adaptor molecules (Lat), the formation of heteromolecular complexes that modulate the signaling output of these exchange factors (Slp76, Blnk, c-Cbl), and in terminating the activity of Vav proteins at the end of the stimulation cycle (Bustelo, 2000) . Given this close relationship with phosphorylation events, it is not surprising that these guanosine nucleotide exchange factors (GEFs) are the only known proteins that combine in the same molecule the catalytic motifs of Rho/Rac GEFs and the most common phosphotyrosine binding domain, the Src-homology (SH) 2 domain.
Several lines of evidence demonstrate that the function of Vav proteins is crucial for developmental, mitogenic, and pathological processes. Thus, the elimination of the vav gene in mice results in impaired lymphoid development, lymphopenia, and defective immune responses of B-and T-lymphocytes (Fischer et al., 1995; Tarakhovsky et al., 1995; Turner et al., 1997; Zhang et al., 1995) . Moreover, it has been demonstrated that the subversion of the normal activation/deactivation cycle of some members of the Vav family results in severe alterations in cell behavior, including tumorigenesis, changes in F-actin organization, and the acquisition of metastatic properties (Bustelo, 2000) . Finally, the activation of Vav proteins by the Nef protein of the human immunode®ciency virus plays an essential role in the pathogenic cycle of this virus (Fackler et al., 1999) . Interestingly, the Vav family is distributed phylogenetically in all animal metazoans, having known members in nematode (C. elegans Vav),¯ies (D. melanogaster Vav), and mammals (Vav, Vav2 and Vav3) (Bustelo, 2000) . However, no representatives have been found in unicellular organisms, indicating that the origin of these proteins was the result of selection forces that optimized the signaling of receptors linked to tyrosine kinases and GTP-binding proteins of the Rho/Rac subfamily.
With the exception of the stimulation of the transcriptional activity of the nuclear factor of T-cells (NF-AT) that appears to be independent of the integrity of the catalytic DH domain (Kuhne et al., 2000) , all the other biological and pathological responses reported for Vav proteins have been linked to the stimulation of speci®c members of the Rho subfamily (Bustelo, 2000) . Despite this, the molecular basis of the interaction between Vav and Rho/Rac proteins has not been studied in detail. In this respect, we and others have shown that one property of these exchange factors is that they work speci®cally on Rhoand Rac-like proteins but not on the highly related Cdc42 protein (Aghazadeh et al., 2000; Crespo et al., 1997; Movilla and Bustelo, 1999; Schuebel et al., 1998) . The reason for this exquisite substrate selectivity is not understood, although it can be hypothesized that it involves the recognition of speci®city molecular cues in the surface of the GTPases. Arguably, the elucidation of these intermolecular interactions will allow us to understand the interaction of Vav proteins with its substrates at the molecular level and, potentially, may serve as clues for the design of speci®c pharmacological agents that may inhibit in a speci®c fashion the signal transduction pathways connecting extracellular stimuli with cytoskeletal events. To identify the regions and speci®c amino acids in the GTPase/Vav interaction, we have used an extensive collection of point mutations aecting dierent regions of Vav family substrates as well as of chimeric proteins in which speci®c fragments of Cdc42 and Vav family substrates have been swapped. The ability of these mutant proteins to interact with, and become activated by, Vav proteins was then tested in vivo. Since the structure of RhoA is the most characterized of all Rho/Rac proteins, we decided to perform this study with RhoA. Due to this, we utilized Vav3 in these experiments, a new Vav family member that acts on RhoA, RhoG and Rac1 but it is inactive on Cdc42 (Movilla and Bustelo, 1999) .
Results
The switch regions of RhoA contribute to the binding and catalysis, but not the specificity, of Vav proteins Crystallographic studies have demonstrated that the switch regions of Ras, ARF, and EF-Tu subfamily members play important roles in the binding to the respective guanosine nucleotide exchange factor (GEF) and in the subsequent nucleotide exchange reaction (Sprang and Coleman, 1998) . This feature is conserved in Rho/Rac exchange factors, although at dierent levels. Thus, both switch I and II regions of Rac1 contact the catalytic domain of Tiam1 (Worthylake et al., 2000) . By contrast, the switch II of RhoA and Cdc42 are not required for the functional interaction with the GEFs Lbc and Cdc24, respectively (Li and Zheng, 1997) . To investigate the contribution of the RhoA switch regions to the functional interaction with Vav3, we generated several point mutations aecting residues of the switch II (Q63, E64, D67, R70, S73, Y74) and switch I (Y34, T37, F39) regions of RhoA. Most of these residues are 100% conserved in all Ras superfamily (Y34, T37, Q63, E64, R70) or Rho/Rac subfamily (F39, D67, S73, Y74) members. We then tested these mutant proteins in binding assays and exchange reactions, as described in Methods. To facilitate this work, we used a version of Vav3 (deletion 1-144) whose exchange activity is independent of tyrosine phosphorylation (Movilla and Bustelo, 1999) , thus allowing the execution of experiments without the need of pre-treatment with a tyrosine kinase. Despite this dierent regulatory property, Vav3 (D1-144) acts on the same GTPases as its wild type counterpart (Movilla and Bustelo, 1999) . As expected from previous results (Movilla and Bustelo, 1999), we found that Vav3 (D1-144) binds with maximal anity to nucleotide-free RhoA (Figure 1a (Figure 1a , lower panel). Similar results were found when the enzyme activity of Vav3 (D1-144) on these mutants was tested using GDP/GTP exchange reactions (Figure 1b) . From these results, we conclude that the switch II region of RhoA is essential for the binding to, and activation of nucleotide exchange by, Vav3 (D1-144). Interestingly, the catalytic activities of Lbc (a RhoA-speci®c GEF) and Cdc24 (a Cdc42-speci®c GEF) are insensitive to mutations in the switch II region of RhoA and Cdc42, indicating that the structural requirements of Vav proteins are dierent from DH family proteins that target a single substrate (Li and Zheng, 1997) .
When the RhoA switch I mutants were tested, we found that the mutation of residues Y34 and T37 weakened, although did not totally abolish, the association of RhoA with Vav3 (D1-144). By contrast, a mutation in residue F39 reduced to almost background levels the physical interaction of RhoA with the exchange factor ( Figure 1c , upper panel). These deleterious eects were limited to mutations within the switch I region, since a mutation located at the beginning of the adjacent b2 sheet (Y42K) did not result in detectable alterations on the binding anity of RhoA towards Vav3 (D1-144) (Figure 1c, upper panel) . Y42 is conserved in the b2 strand of both RhoA/Rac and Ras proteins. Reprobing the ®lter with anti-GST antibodies demonstrated that all RhoA proteins were present at equal amounts in the experiment (Figure 1c , lower panel). When GDP/GTP exchange reactions were performed, the three RhoA switch I mutants did not undergo nucleotide exchange when incubated with Vav3 (D1-144). In contrast, the b2 strand mutant (Y42K) behaved as wild type RhoA (Figure 1d ). The same results were obtained when Vav3 was added to the exchange reactions in excess amount to compensate for the lower binding anity of these switch I mutants (data not shown). Taken together, these results suggest that the switch I is not as important as the switch II region for the physical association with Vav3. However, it does play a role in the ecient exchange of nucleotides catalysed by Vav3 (D1-144). Interestingly, the residues identi®ed here are also important for the action of other DH family members (Lbc and Cdc24) but not for Dbl, a GEF with dual speci®city towards RhoA and Cdc42 that requires only the presence of the side chain of Y34 (Li and Zheng, 1997) . Thus, DH family members share the common necessity of Y34 for their catalytic activity but dier in respect to the requirement of positions T37 and F39. Tyrosine phosphorylated wild type Vav3, oncogenic Vav2 and tyrosine-phosphorylated wild type Vav showed similar behavior when tested with the switch II and switch I mutants (data not shown), indicating that the structural properties of the Vav3 (D1-144)/RhoA interaction are conserved in all mammalian members of the Vav family.
Since the residues targeted in the above experiments were conserved in both RhoA and Cdc42, they cannot provide the cues for the speci®city of the Vav3/RhoA interaction. We therefore focused our attention in residues within, or in the vicinity of, the switch regions that were not conserved between RhoA and Cdc42. Since previous reports with Lbc have identi®ed residues K27 (a1 region) and D76 (switch II region) as the important ones for the speci®c interaction of this exchange factor with RhoA (Li and Zheng, 1997), we tested whether the mutation of each one of those residues into the corresponding one found in Cdc42 (T and Q, respectively) could disrupt the RhoA/Vav3 interaction. Similarly, we mutated other residues divergent between RhoA and Cdc42 in the switch I region, including D28 (N in Cdc42 and Rac1), and the double mutation E32 (S in Cdc42, G in Rac1) plus V33 (E in Cdc42 and Rac1). These RhoA to Ccd42 mutations showed no alteration in either their binding activity or activation of nucleotide exchange when tested with Vav3 (D1-144) (Figure 1 ). Similar results were obtained when we tested mutations in residues of the regions b4 (I80F, D87V), a3 (D90S, T100V, K104T, F106H), a3' (H126S, R128I, E130K), or a5 (E169N, R176L) of RhoA (data not shown). This result was not entirely surprising in some cases, since Rac1, a Vav3 substrate, shares some of those residues with Cdc42 (positions 80, 87, 106, 128, 130). Vav2 and Vav showed identical behavior to Vav3 in all these experiments (data not shown). These results indicate that Vav proteins distinguish RhoA from Cdc42 in regions other than the a1, switch I, switch II, b4, a3, a3', and a5.
The b2/b3 region displays the structural signals required for the specific binding to Vav proteins
To localize the region of the GTPases that determines the interaction with Vav GEFs, we generated a number of chimeric proteins that combined regions of RhoA and Cdc42 (Figure 2a) . We hypothesized that if the determinants of the Vav3/RhoA interaction were present in a discrete area, then the chimera containing that region would be capable of interacting with Vav proteins. Conversely, the deletion of that region would result in the elimination of the interaction of the chimeric GTPase with Vav3. In good agreement with that prediction, we found that all RhoA/Cdc42 chimeras containing the region 30 ± 57 of RhoA could associate with Vav3 (D1-144) regardless of the presence of other RhoA regions in the molecule (chimeras A, B, E, IE and IC; Figure 2b , upper panel). Conversely, a RhoA/Cdc42 chimera in which the 30 ± 57 region was replaced by the same area present in Cdc42 (chimera JA, Figure 2a ) lost its ability to interact physically with Vav3 (D1-144) (Figure 2b, upper panel) . All the chimeric proteins were used at similar amounts in the incubations, as demonstrated by anti-GST immunoblot (Figure 2b, lower panel) . These results indicate that Vav3 uses residues of RhoA located between the switch I and b3 regions to discriminate this GTPase from Cdc42. Interestingly, this region of RhoA is exposed on the same side of the molecule to the solvent ( Figure  2c) .
To verify whether the area that determines the physical interaction is also sucient for the GDP/GTP exchange catalysed by Vav proteins, the same RhoA/ Cdc42 chimeras were tested in GDP/GTP exchange reactions. Unexpectedly, we found that the minimal region of RhoA required for the speci®c binding to Vav3 was not sucient to allow the exchange of nucleotides by Vav3 (Chimera IC, Figure 2d) . Indeed, only RhoA/Cdc42 chimeras combining the 30 ± 57 region and the C-terminal half of RhoA (amino acids 108 ± 193) experienced GDP/GTP exchange after incubation with Vav3 (D1-144) (chimeras A, B, E; Figure  2a ,d). However, a RhoA/Cdc42 protein (chimera JA, Figure 2a ) lacking the region 30 ± 57 of RhoA was inactive in the exchange reactions despite having an intact C-terminus (Figure 2d ). Since this chimera cannot bind Vav3 (D1-144) (Figure 2b ), this result indicates that the association of the GEF with its substrate is a prerequisite for the subsequent nucleotide exchange reaction. Same results were obtained with Vav2 and Vav (data not shown). All these chimeric RhoA/Cdc42 proteins showed GTPase activity in conventional GTP hydrolysis assays, con®rming that their inactivity in these experiments was not due to abnormal folding (data not shown). In addition, these chimeras underwent normal GDP/GTP exchange when incubated with a dierent GEF (Dbl), indicating that the above results are not generalized to other D family members (data not shown). Similar results with Dbl were reported before (Li and Zheng, 1997) . Taken together, these results demonstrate two important properties of the Vav3/GTPase functional interaction. First, they show that binding of Vav proteins to the region of RhoA contained between the switch I and the b3 strand is a necessary, but not sucient, event for nucleotide exchange. In addition, they suggest that these GEFs require a second structural determinant located in the C-terminal half of RhoA for promoting nucleotide exchange on their substrates.
We next sought to identify the residues of the GTPases that are used by Vav3 to interact with the right substrate. Since previous mutagenesis experiments have ruled out an implication of the switch I region in this process (see Figure 1c ,d), we focused our attention on the primary sequence of the b2/b3 regions. To aid in the identi®cation of these residues, we used three dierent criteria: (i) The candidate residue could not be conserved between RhoA and Cdc42. (ii) It could not be conserved between Rac1 and Cdc42 since Vav3 also acts on the former GTPase. (iii) It had to be at least partially exposed to the surface of RhoA. Based on those criteria, we found one residue present in the b2 sheet (A44, V in Cdc42), one in the b2 ± b3 loop (D49, G in Cdc42), and a third one in the b3 strand (E54, N in Rac1, T in Cdc42) as potential candidates for the speci®city of the Vav3/RhoA physical interaction (Figure 3a,b) . After generating the corresponding RhoA to Cdc42 point mutants, they were tested for binding to, and activation by, Vav3 (D1-144). Under conditions in which this GEF promoted maximal binding and exchange activity towards wild type RhoA, it could not bind to, nor catalyse nucleotide exchange on, RhoA D49G and E54T mutants ( Figure  3c,d ). Vav3 (D1-144) showed lower, although detectable, binding and exchange activity towards the b2 (A44V) RhoA mutant (Figure 3c,d ). All these GTPases were at similar concentrations in the assays, as demonstrated by Western blot analysis (Figure 3c , lower panel). Identical results were obtained with Vav2 (data not shown). These experiments identify D49 and E54 as the key residues for determining the speci®c physical interaction between RhoA and Vav proteins.
The b5 region of Rho proteins contains a second cue for the specific functional interaction with Vav proteins
We next generated a second set of RhoA/Cdc42 chimeras to localize the region of RhoA important for allowing the nucleotide exchange by Vav proteins (Figure 4a ). As shown in Figure 4b , the elimination of the b5 region of RhoA (residues 108 ± 124) resulted in the inability of this protein to undergo GDP/GTP exchange induced by Vav3 (compare construct E to chimeras F or G). However, in agreement with our previous results, all these RhoA/Cdc42 chimeras established interactions with Vav3 similar to those found with wild type RhoA (Figure 4c, upper panel) . These results indicate that the b5 region of RhoA contains the second signal required for the enzyme reaction catalysed by Vav proteins. Examination of this region under the same criteria used in Figure 3 suggested the presence of a residue (K118) that could contribute to the speci®city of the RhoA/Vav3 functional interaction (Figure 5a ). This residue is conserved in all members of the Ras superfamily with the exception of Cdc42, TC10, and TTF. In this case, the lysine residue is replaced by glutamine. To investigate whether K118 was indeed the second structural signal required for the speci®c functional interaction of RhoA and RaC1 with Vav proteins, we tested a RhoA to Cdc42 point mutant (K118Q) in binding and exchange reactions. K118Q was inactive in the exchange reactions despite having a binding anity towards Vav3 similar to wild type RhoA (Figure 5b,c) . Interestingly, the intrinsic exchange rate of RhoA K118Q was inhibited upon addition of Vav3 (D1-144), suggesting that the formation of the RhoA/Vav3 complex blocks the incorporation of GTP into this mutant (Figure 5c ). This inhibitory eect was proportional to the concentration of Vav3 added to the reactions (data not shown). A mutation of an adjacent residue (N117T, Figure 5a ) who is not exposed to the surface of RhoA resulted in minor alterations in the functional interaction with Vav3 (D1-144) (Figure 5b,c) . Taken together, these results indicate that K118 is the structural cue used by Vav proteins to promote the activation of the right biological target during signal transduction.
Discussion
Using an extensive mutagenesis approach, we show here that the interaction between Rho/Rac GTPases and Vav GEFs involves at least three dierent structures, each of them accomplishing speci®c tasks. On one hand, we have shown that the ecient binding of Vav proteins to the substrates requires the two switch regions of the GTPases. These regions, although important for the physical interaction and subsequent catalytic reaction, do not contain the structural determinants required for the discrimination of the speci®c substrates by Vav proteins. The implication of the switch regions in the functional interaction with the GEFs is expected from previous results with other Ras superfamily GEFs (Sprang and Coleman, 1998) . However, it is important to note that this is not a property conserved in all DH family members. For instance, the catalytic activities of Lbc, Dbl, and Cdc24 are not aected by the switch II mutations described here (Li and Zheng, 1997) . We have also found that the interaction of Vav proteins with its substrates requires the b2/b3 sheets of the GTPase.
Unlike the switch regions, these sheets contain the structural determinants for the speci®c binding of the GTPases to Vav proteins. Our results indicate that at least two residues in this structure, D49 and E/N54, play key roles in the speci®c interaction with Vav proteins. As expected, these residues are conserved in all Rac and RhoA subfamily members but not in those of the Cdc42 subgroup. Despite the fact that the b2/b3 region contains the speci®city determinants, it cannot sustain the formation of the heteromolecular complex by itself alone. In support of this, we have shown that mutations in the switch II and, to a lower extent, the switch I, disrupt the physical interaction with the GEFs. The association of Vav/Rho proteins appears to follow therefore a`touch and dock' mechanism, in which an initial interaction of Vav proteins with the b2/b3 and switch II region is further stabilized by the engagement of residues within the eector loop, leading to the subsequent catalytic reaction. This type of interaction is not frequently found in Ras superfamily GEFs (Sprang and Coleman, 1998) . By contrast, the b2 and/or b3 are used extensively by eector molecules. In these cases, however, the determinants for the speci®city of the GTPase/eector interaction are located mostly on regions outside the b2/b3 hairpin region . The structural reason for the utilization of the b2/b3 region by Vav proteins is a matter of speculation. Since the switch II region is highly disordered in the GDPbound RhoA, it can be argued that GEFs need a more stable interface to make the initial contact. The release of Mg 2+ from the GTPase would then stabilize the switch II region and open up the eector domain, inducing maximal binding anity. However, this explanation seems implausible, since Ras GEFs do not use the Ras b2/b3 despite having a similar unstructured switch II domain in the inactive form of Ras. Alternatively, since the GDI molecules are bound to the switch regions and the prenylated C-terminus of Rho proteins , the initial interaction of the GEFs with the b2/b3 region may represent a molecular stratagem to induce the subsequent release of the GDI, an essential step in the activation of Rho subfamily members. Finally, the use of the b2/b3 may be the indirect result of evolutionary pressures to maintain highly homologous switch domains in this GTPase subfamily while maintaining a plurality of GEFs, a situation that created the need for additional features aimed at assuring signaling speci®city.
Although it is possible that the b2/b3 region of Rho proteins is used for all DH proteins, experimental evidence indicates that it cannot contribute to the speci®city of the interaction with the exchange factors in all cases. Thus, Lbc, a Rho-speci®c GEF, can bind to RhoA even when its b2/b3 region has been replaced by the analogous region of Cdc42 (Li and Zheng, 1997) . Similar results were found in the case of Cdc24, a Cdc42 GEF (Li and Zheng, 1997) . In these cases, the structural determinants for the speci®city of the GEF/ GTPase interaction are located elsewhere, such as the a1 region (Li and Zheng, 1997) . Interestingly, crystallographic data have recently shown that the DH region of Tiam1, a Rac1-speci®c GEF, makes contacts with residues of the Rac1 b2/b3 region that are not present in Cdc42, implying that this region contributes to the speci®c interaction between these two signaling molecules (Worthylake et al., 2000) . However, as the contact residues of Rac1 are conserved in RhoA, they cannot provide the information required for the discrimination of Rac1 from RhoA by Tiam1. From all this evidence, it is clear that the mechanisms that assure the speci®city of the DH/GTPase interaction will be as diverse as the multiple combinations of substrate speci®cities displayed by these GEFs.
Our work has also revealed a second speci®city signal located in the b5 region (residue K118). This signal, although dispensable for the physical interaction with Vav proteins, is essential for the catalytic reaction of GDP/GTP exchange. Since the Rho subfamily proteins that contain the optimal binding site for Vav proteins in the b2/b3 region have also the residue K118 (K116 in the case of Rac-like proteins), we believe that these results reveal more about the catalytic process of Vav proteins than about the proper mechanism of substrate recognition. K118 occupies a key position in the nucleotide binding site. It makes hydrophilic and hydrophobic interactions with the nucleotide and, in addition, ties together the phosphate binding loop and the 117 NKXD 120 motif of RhoA via the formation of a hydrogen bound with A15 (Wei et al., 1997) . This suggests that the catalytic reaction induced by Vav proteins targets not only the Mg 2+ ion of the nucleotide binding site but also the nucleotide itself.
In support of this, the binding of Vav3 to RhoA K118Q results in the inhibition of the intrinsic GDP/ GTP exchange of this mutant, suggesting that Vav3 blocks the incorporation of the GTP in the GTPase. It is likely that the role of K118 may not involve a direct interaction with residues in the catalytic domain of Vav proteins, since its access is blocked by the a1 and the phosphate binding loop of the GTPase. Indeed, the side chain of this amino acid does not interact with the catalytic regions of other Ras superfamily GEFs (Sprang and Coleman, 1998; Worthylake et al., 2000) . Future structural studies will be required to assess the actual role of K118 in the catalytic reaction of Vav proteins.
Although sharing the same substrates, Vav proteins dier in their anities towards speci®c Rho/Rac proteins. For instance, Vav acts at substoichiometric amounts on Rac1 and RhoG and only at higher concentrations on RhoA (Crespo et al., 1997) . By contrast, Vav3 works substoichimetrically on RhoG and RhoA and at higher concentrations on Rac-1 (Movilla and Bustelo, 1999) . The comparison of the primary structures of members of the Rho/Rac subfamily reveals that there are residues not conserved between RhoA and Rac1 in the b2/b3 region. Since RhoA to Rac1 mutations in other structural regions of the GTPases do not aect the relative binding anity of Vav3 towards its substrates, these results suggest that ®ne discrimination between RhoA, RhoG, and Rac-1 by Vav family proteins may also involve the recognition of several structural dierences present in the b2/b3 region.
Materials and methods

Construction of mutant and chimeric proteins
RhoA point mutants were obtained using the QuickChange mutagenesis kit (Stratagene) according to the manufacturer's instructions. Chimeric rhoA/cdc42 cDNAs were generated with a PfuI polymerase (Stratagene), as described (Li and Zheng, 1997) . All mutants were sequenced.
